We report electroactive conjugated materials containing a carbon-centered radical based on the 1,3bisdiphenylene-2-phenylallyl (BDPA) radical (1) 1 that can be reversibly reduced to a delocalized carbanion. 2 Our synthesis of these materials is based on a new anionic oligomerization that produces a soluble carbanionic polymer. The ability of biradical-2 and oligomer-3 to be readily reduced to give anionic materials is critical to several applications, including battery anodes, in which polycarbanions with lithium counterions are used for charge storage. 3 Additionally, n-dopable (electronconducting) organic conjugated materials that become conductive upon reduction are essential elements of photovoltaic and field effect transistor devices. 4 Conjugated polymer semiconductors that are p-dopable are abundant, but there remains a limited number of stable n-dopable materials. 4 Finally, 2 and 3 are electrochromic because they can be switched between the orange-red colored radical and the deep blue carbanion. 5 The BDPA carbanion is remarkably stable for a material containing no electronegative heteroatoms and can persist for days under 1 atm oxygen in polar aprotic solvents, such as DMF and DMSO, when generated electrochemically. 2a The predominant decomposition pathway of the BDPA carbanion under ambient conditions is via oxidation to the radical. 2a Previous electrochemical studies have found that the BDPA radical, and closely related derivatives with substitution at the 4-position of the phenyl ring, behave as semiconductors with energy gaps of 1.5-1.7 eV in the solid state. 6
Scheme 1. Synthesis of 2
Building on Kuhn and Neugebauer's synthesis of BDPA, 1b an anionic oligomerization method was pursued. In this approach, the BDPA oligomer is synthesized as a polycarbanion (3a), which can then be oxidized to the polyradical. The incorporation of the BDPA radical into the main chain of a conducting polymer or oligomer has not been previously investigated. However, polyacetylenes with a pendant BDPA connected through the 4-position of the phenyl ring have been previously studied. 7 In addition, there have been extensive efforts reported in the literature to develop materials based on the related triphenylmethyl radical and its derivatives. 8 To test the viability of an anionic oligomerization strategy and to study the effect of linking two BDPA radicals through the 2-position of a fluorene ring, dimer 2 was synthesized as a model system (Scheme 1). Previously reported bis-BDPA biradicals have been limitted to those linked through the phenyl ring. 9 Bifluorene 6, synthesized by Pd-catalyzed coupling of 4 and 5 followed by deprotection of the 9-positions, was reacted with 2.1 equivalents of bromide 8 to obtain dianion 2a. Protonation of 2a resulted in a complex mixture of tautomers, E/Z-double bond isomers, and rotamers ( 1 H and 13 C NMR spectra included in Supporting Information). 10 However, 2a offered a simplified 1 H and 13 C NMR spectrum due to its increased symmetry. 11 Figure 1 (top) shows a portion of the 1 H NMR spectrum of the carbanion of a previously reported BDPA derivative with a bromide at the 4-position of the phenyl ring (Br-BDPA). 1b Figure 1 (bottom) shows a portion of the 1 H NMR spectrum of 2a and the proton assignments, which were determined using gCOSY 2D NMR. Oxidation of 2a with potassium ferricyanide produces biradical 2, which shows an EPR signal very similar to that of BDPA at room temperature in solution. 12 Biradial 2 was observed in HRMS, but could not be isolated as an analytically pure compound.
Based on the success of the dimer synthesis, monomer 9 was prepared, beginning with the condensation of 2bromofluorene and 4-carboxybenzaldehyde (Scheme 2). The crude carboxylate salt was converted to a dibutylamide via the acid chloride, and the E and Z isomers were separated by chromatography for characterization. We have previously shown that amides are compatible with the polymerization conditions 10a and the n-butyl groups were chosen to provide greater solubility to both the monomer and the oligomer. After Pd-catalyzed coupling of 10-E/Z with boronic acid 5, the alkene of 11-E/Z was dibrominated in acetic acid. Hydrogen bromide was eliminated with sodium hydroxide in refluxing ethanol with concurrent removal of the trimethylsilyl groups to provide 9-E and 9-Z, which could be separated by chromatography.
Several conditions for oligomerization were screened, but in all cases tert-butoxide was used as the base because it deprotonates fluorene at the 9-position without attacking the alkenyl bromide. The effects of solvent (THF, DMA) and counterion (Li, Na, K, Mg, Ba, Zn) were explored (see Table S1 in Supporting Information) and the extent of oligomerization was analyzed based on the M n , as determined by GPC (DMF) of the crude polyanions. Potassium tert-butoxide in THF was chosen as the preferable method and was used to synthesize 3b, which is a light yellow powder that is readily soluble in CH 2 Cl 2 , THF, and chloroform (GPC (THF): M n = 6.5 kDa, degree of polymerization (DP) = 11). The 1 H and 13 C NMR of 3b showed broadened signals that are in agreement with the proposed structure. In the 13 C spectrum, the resonance at 52.7 ppm, which is specific to the carbon attached to the acidic proton of BDPA precursors, supports the proposed structure (see Supporting Information). To isolate the radical form of the oligomer, 3a was treated with potassium ferricyanide. After precipitation into methanol, a dark red powder (GPC (THF): M n = 9.4 kDa, DP = 16) was isolated. The higher M n may be a result of 3 having a larger persistence length in THF as compared to 3a. Fractionation of the polymer during precipitation may also contribute to the discrepancy. In addition to the expected IR absorbances, the isolated oligomers 3 and 3b display a weak ketone stretch at approximately 1720 cm-1 that we attribute to 9fluorenone end-groups (see Figure S2 in Supporting Information). 13 Oligomer 3 showed a featureless EPR absorption in THF at room temperature (see Figure S1 in the Supporting Information).
Scheme 2. Synthesis of 3
* E/Z isomers were synthesized in a 1:1 ratio, but were isolated and characterized separately.
The UV-vis spectra of the protonated precursor, the carbanions, and the radicals are presented in Figure 2 . Dianion 2a shows a strong absorbance at 614 nm in DMSO similar to the BDPA anion absorbance at 600 nm in DMF. The polyanion 3a is red-shifted and appears broadened. Biradical 2 and polyradical 3 show strong absorbances near 490 nm and weak absorbances at 865 nm in THF, which are comparable to the reported values for BDPA in dioxane (485 and 860 nm). 1b Biradical 2 shows two closely-spaced, reversible oneelectron reductions to form the dianion 2a ( Figure 3) . Polyradical 3 displays a broad, reversible reduction peak, presumably attributable to multiple radicals undergoing 1electron reduction. The electrode displays a visible change in color from reddish brown to deep blue upon reduction to the blue polyanion. In general, 3 did not form quality films. Future work will examine how crosslinking through the solubilizing groups can aid in film formation.
In conclusion, materials that join BDPA radicals through the 2-position of the fluorene ring have been synthesized via a new anionic oligomerization strategy. The carbanions have been characterized with 1 H and 13 C NMR. The absorption spectra of the protonated, anionic, and radical forms of 2 and 3 are reported, as is the ability to reversibly perform one-electron reductions to form the carbanions from the radicals.
Further work will investigate how to improve the film forming abilities of 3 and investigate how changing the connectivity between the fluorene rings affects the electronic and magnetic properties of the materials. 11 Carbanions for NMR study were generated by adding 2.0 equivalents of potassium tert-butoxide per acidic proton to a d6-DMSO solution of the protonated precursor.
12 Solution EPR spectra and effective magnetic moment measurements are available in Figure S1 of the Supporting Information. Solid-state EPR and the magnetic properties of the materials will be a focus of future investigations.
13 The results of combustion analysis for 3 and 3b are reported and discussed in the Supporting Information. Additionally, oligomer 3 showed no detectable level (< 0.1%) of bromide in combustion analysis.
Supporting Information for "Carbanionic Route to Electroactive Carbon-Centered
Anion and Radical Oligomers" All air and water sensitive synthetic manipulations were performed under an argon atmosphere using standard Schlenk techniques. All commercial chemicals were of reagent grade and used as received unless otherwise noted. Sublimed potassium tert-butoxide was purchased from Sigma-Aldrich and stored under nitrogen. Column chromatography was performed using ultra pure silica gel (SILIYCYCLE, 40~63 μm). Polymer molecular weights and polydispersity indexes were estimated by gel permeation chromatography (GPC) using a HP series 1100 GPC system. Polystyrene standards were used for calibration, and tetrahydrofuran (THF) or dimethylformamide (DMF) was used as the eluent at a flow rate After removal of solvent, the crude material was recrystallized from refluxing ethanol (approximately 500 mL). After filtration, 28.00 g (62%) of product was isolated as clear, rectangular prisms. 1 (9,9-bis(trimethylsilyl)-9H-fluoren-2-yl)boronic acid (5). To an oven-dried 200 mL flask were added 5.00 g of (2-bromo-9H-fluorene-9,9-diyl)bis(trimethylsilane) (4) (0.0128 mol, 1.0 equiv) and 80 mL of dry THF. The solution was cooled to -78 ˚C with dry ice in acetone, and 12.0 mL of a 9,9,9',9'-tetrakis(trimethylsilyl)-9H,9'H-2,2'-bifluorene (6). To an oven-dried 100 mL flask were added 1.00 g of (2-bromo-9H-fluorene-9,9-diyl)bis(trimethylsilane) (4) (0.00257 mol, 1.0 equiv), 1.09 g of (9,9-bis(trimethylsilyl)-9H-fluoren-2-yl)boronic acid (5) (0.00308 mol, 1.2 equiv), 0.150 g of Pd(PPh 3 ) 4 (5 mol%), 30 ml toluene, and 20 mL of aqueous 2M Na 2 CO 3 . The solution was degassed with bubbling argon and then heated to reflux for 12 h under argon. After cooling to room temperature, the reaction mixture was moved to a separatory funnel and 50 mL of diethyl ether was added. The organic layer was washed with brine. After drying over sodium sulfate, the organic layer was removed and the mixture was purified with silica gel chromatography eluting with 95:5 hexane/dichloromethane. A total of 0.975 g (61%) of product was isolated as a white powder. 1 9H,9'H-2,2'-bifluorene (7). To a 200 mL flask were added 0.500 g of 9,9,9',9'-tetrakis(trimethylsilyl)-9H,9'H-2,2'-bifluorene (6) (0.000807 mol, 1.00 equiv), 0.034 g KOH flake (0.00061 mol, 0.75 equiv), 50 mL of tetrahydrofuran, and 25 mL of methanol. The solution was degassed with bubbling argon for 5 minutes and then heated to reflux for 2 h under argon. The solution was cooled and filtered to isolated Protonated BDPA Dimer (2b). To an oven-dried 50 mL flask cooled in an ice bath were added 0.080 g of 9H,9'H-2,2'-bifluorene (7) (0.000240 mol, 1.0 equiv), 0.170 g of 9-(bromo(phenyl)methylene)-9Hfluorene (0.000510 mol, 2.10 equiv), 0.210 g of sodium tert-butoxide (0.00220 mol, 9.00 equiv), and 30 mL of anhydrous, degassed dimethylformamide. The solution was stirred at 0 ˚C for 30 minutes and at room temperature for 3.5 h. The reaction was quenched by adding 5.0 mL of glacial acetic acid followed by 50 mL of water. The quenched reaction mixture was extracted with diethyl ether (2 x 10 mL minutes. An additional 50 mL of water was added and the precipitate formed was collected by filtration and thoroughly washed with water, methanol, and hexane. After filtration, 0.050 g (91% yield based on mass recovery) of a dark-red powder was obtained. The material showed no resolved NMR signals other than those belonging to solvent at a concentration of 50 mM in CDCl 3 . Thin-layer chromatography (SiO 2 ) with 1:1 hexane/dichloromethane showed a red-spot that coeluted with the starting material.
Any benefits gained from further purification via recrystallization or chromatography appeared to be counteracted by loss of material due to reaction with oxygen to form alcohol and ketone decomposition products. The decomposition products could be observed as significantly more polar spots on TLC, λ max , nm (ε): 309 (6.0 x 10 4 ), 489 (2.8 x 10 4 ), 865 (2.6 x 10 3 ); EPR: see Figure S1 . E and Z isomers could be eluted separately using a mixture of 80% hexane, 10% dichloromethane, and 10% ethyl acetate. The E isomer eluted before the Z isomer. In total, 3.61 g (49% based on 2-bromofluorene) of product was isolated (E isomer, 1.31 g; Z isomer, 1.53 g; mixed fractions, 0.770 g).
The E isomer was isolated as an amorphous yellow solid and the Z isomer was isolated as a viscous yellow oil. Additionally, the reaction was performed on approximately 3-times this scale and the product was isolated as a 1:1 mixture of E and Z isomers with similar yields. E isomer: 1 (E/Z)-4- (9H,9'H-[2,2'-bifluoren]-9-ylidenebromomethyl)-N,N-dibutylbenzamide (9) . To a 500 mL oven-dried flask were added 4.36 g (E/Z)-4-((9',9'-bis(trimethylsilyl)-9H,9'H-[2,2'-bifluoren]-9-ylidene) methyl)-N,N-dibutylbenzamide (11) (0.00607 mol, 1.00 equiv) and 280 mL of glacial acetic acid. To this solution, 0.32 mL of bromine (0.98 g, 0.0061 mol, 1.01 equiv) was added dropwise over 10 minutes.
The reaction was stirred for 3 h at room temperature and then 200 mL of water were added. The crude dibromide was isolated by filtration and allowed to thoroughly dry on the filter pad. To a 1000 mL flask containing the dibromide (approx. 4.8 g, 0.0055 mol) was added 500 mL of absolute ethanol. To this flask was added a solution of 2.64 g of NaOH (pellet form) (0.066 mol, 12.0 equiv) in the minimum amount of water needed for dissolution. The reaction mixture was heated to reflux for 2 h and then cooled to room temperature. The yellow precipitate formed was isolated by filtration and then subsequently purified Oligomer 3b. To an oven-dried 100 mL flask was added 0.280 g of (E)-4-(9H,9'H-[2,2'-bifluoren]-9ylidenebromomethyl)-N,N-dibutylbenzamide (9-E) (0.000429 mol, 1.00 equiv). The flask was flushed with argon and sealed under vacuum and then moved into a nitrogen glovebox. In the glovebox, 0.192 g of sublimed potassium tert-butoxide (0.00171 mol, 4.00 equiv) and 40 mL of anhydrous tetrahydrofuran were added. The reaction was heated to 50 ˚C in a sandbath for 36 h within the glovebox. After cooling, the reaction flask was removed from the glovebox and 5.0 mL of glacial acetic acid was added with stirring. Additional water was added and the precipitate was isolated by filtration, washing with methanol and hexane. After drying under vacuum, 0.244 g (99%) of a light yellow material was isolated.
NMR: see spectrum; GPC (THF) M n = 6.5 kDa, PDI (M n /M w ) = 2. is in general agreement with the proposed structure. The carbon content is 1.5% below the predicted value, which may be partially accounted for by 9-fluorenone-like end groups. The combined organic layers were washed with water and brine and then dried over sodium sulfate.
Anionic form of
After removal of the solvent the crude product was dissolve in the minimum amount of DCM needed (approximately 5 mL) and then added drop-wise to a beaker of rapidly stirring methanol (100 mL). The x 10 4 ), 865 (6.0 x 10 2 ); EPR: see Figure S1 . Anal. Calcd for C 42 H 36 NO˙: C, 88.38; H, 6.36; N, 2.45.
Found: C, 85.56; H, 6.39; N, 2.39. The elemental is in general agreement with the proposed structure, although the carbon content is 2.8% below the predicted value. The lower than expected carbon content may be partially accounted for by 9-fluorenone-like end groups and decomposition products formed by reaction of the radical with oxygen. Further combustion analysis found no detectable level of bromide (the limit of detection was estimated to be 0.1%). 1.3 a Reactions were performed with a monomer concentration of 10 mM. b 4.0 equivalents of base were used; 2.0 equivalents of ZnCl 2 . c Determined with GPC (DMF) against polystyrene standards. Note: GPC (DMF) analysis of polyanions generally gave smaller M n 's compared to GPC (THF) analysis of the radical or protonated forms. The GPC (DMF) results were compared to each other for optimization of reaction conditions, but we cannot comment on the accuracy of the absolute values obtained. The anionic oligomers could not be analyzed using THF as the eluent due to instability in that solvent (air oxidation). He and Hf Hb Hc Hd 6.2 6.3 6.4 6.5 6.6 6.7 6.8 6.9 7.0 7. Br-BDPA anion NMR Spectra Compound 7 NMR Spectra 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 f1 (ppm) 
